Abstract: Cathodoluminescence (CL) microscopy is an emerging analysis technique in the fields of biology and photonics, where it is used for the characterization of nanometer sized structures. For these applications, the use of transparent substrates might be highly preferred, but the detection of CL from nanostructures on glass is challenging because of the strong background generated in these substrates and the relatively weak CL signal from the nanostructures. We present an imaging system for highly efficient CL detection through the substrate using a high numerical aperture objective lens. This system allows for detection of individual nanophosphors down to thirty nanometer in size as well as the up to ninth order plasmon resonance modes of a gold nanowire on ITO coated glass. We analyze the CL signal-to-background dependence on the primary electron beam energy and discuss different approaches to minimize its influence on the measurement.
Introduction
Cathodoluminescence (CL) based techniques use the excitation of light by an electron beam to study the optical and electric properties of a material. As a characterization tool, CL has applications in many research fields, e.g. in geosciences, where it is used to identify minerals, crystalline phases and the presence of defects in solids [1] . Here, the structures of interest typically have lateral dimensions in the order of micrometers. More recently, CL is being used to map the local density of states (LDOS) of photonic nanostructures: resonances of, e.g. optical antennas, dielectric cavities, and their effect on the properties of nearby emitters can be investigated at a resolution far below the wavelength [2] [3] [4] [5] . In cell biology, protein distributions could be visualized directly in electron microscopy (EM) using biofunctionalized CL generating nanolabels, in a process similar to immuno-labeling for fluorescence microscopy. Nano-phosphors, quantum dots (QD) and nano-diamonds with nitrogen-vacancy (NV) centers, are being investigated as potential bio-markers [6] [7] [8] . For these emergent applications, it is important to optimize the CL detection efficiency, as the signal generated by nanoscaled structures can be very weak.
The most common CL systems use either a Scanning Electron Microscope (SEM) or a Transmission Electron Microscope (TEM). CL detection is in general performed from above the sample using a parabolic mirror that contains a small hole for the passage of the electron beam [9] [10] [11] [12] . However, this limits the amount of generated signal that can be detected, because most of the light will be emitted into the higher refractive index, usually the sample substrate. As an example, for a dipole emitter oriented perpendicular to a glass-vacuum interface 86% of the light goes into the glass (see Fig. 1(a) ). Detection through a transparent substrate would then be beneficial to increase the collection efficiency.
Through-substrate CL detection could be performed with an objective lens (OL) placed below the sample, inside the vacuum chamber of a SEM. This configuration was already explored in 1973 by Ishikawa and associates. The OL collects the light, which is then directed by a mirror towards a photon detector on a side port of the chamber [13] . In their work, the sample was mounted on an araldite substrate. However, to our knowledge, no further work has been reported on similar CL systems since then. A reason for this could be the requirement to mount the sample on araldite, which limits applicability. Other transparent substrates, like regular glass microscope slides, are known to generate a strong CL signal. Such CL as a background can easily overwhelm the signal from the structure of interest.
Another possible limitation the technique may have encountered could be the performance of the objective lenses available by the time, affecting the collection efficiency and therefore the success of the method.
Nevertheless, CL detection with an OL collecting light through the substrate would not only increase the signal detection efficiency, but it would bring additional advantages: (i) as the OL is placed below the sample, it does not block other detectors in the SEM vacuum chamber, and (ii) the symmetry of the OL system makes it easy to interpret the detection optics and correct for aberrations. Also, if substrates like glass could be used, it would extend the possibilities for CL microscopy, as in most of the CL characterizations reported so far the nanostructures are mounted on Si-based or other non-transparent conductive supports. Glass substrates could be particularly beneficial for the applications in biosciences and nanophotonics, because of (i) compatibility with other optical techniques that can complement the information retrieved from CL, (ii) bio-compatibility and the wide range of available surface functionalization techniques for glass or conductive oxide surfaces, (iii) applications in nanophotonics, e.g. in sensing and detection, may ultimately need a transparent substrate. Our aim is to accomplish efficient CL microscopy of potential biomarkers and plasmonic nanostructures supported on glass substrates.
We have recently built an integrated light and electron microscope in which an inverted high numerical aperture (NA) objective lens is placed in a SEM [14] (see Fig. 1(b) ). In this system light microscopy and scanning electron microscopy can be performed simultaneously on the same area of a sample [15] . The alignment of the light and electron axes guarantees a direct spatial correlation of the different imaging modes, which is particularly useful to perform CL detection through the substrate. Here, we will present the implementation of CL microscopy, including spectroscopic measurements, and evaluate the potential of the technique for CL characterization of nanostructures on transparent substrates. Considering the relatively weak signal from nanostructures and the background generated in the substrate, a main challenge is to optimize the CL signal to background ratio. 
CL microscope
Figure 1(b) shows the system with an objective lens (CFI Plan Apochromat 40X 0.95 NA from Nikon) mounted inside the vacuum chamber of a commercial SEM (Quanta 200 FEG microscope from FEI). The integration has been performed by modifying the vacuum door of the microscope [14] . The electron beam comes from the top where it interacts with the sample. In this process secondary electrons (SE), backscattered electrons (BSE) and CL are generated. To detect the CL, the objective lens collects the light and directs it outside the vacuum chamber as a collimated beam, as indicated in Fig. 2(a) . A breadboard is attached on the outside of the door, where optical paths to different detectors are mounted. Flipping mirrors are used to switch the detection mode. In our setup, 3 optical channels are enabled: the first one focuses the light onto a CCD camera to form a wide field image (here only used for alignment of the optical path); a second one uses a photomultiplier tube (PMT) to detect CL intensity. The last path couples the light to a spectrometer (Princeton Instruments Acton SP2156 spectrograph in combination with a PyLoN:100BR-Excelon CCD camera) via a fiber (See Fig. 2(a) ).
Alignment between the electron and the optical axes is done by scanning the electron beam over the sample while detecting the light intensity in the PMT for each position, so that a CL map of the area under exposure is obtained. For a uniform CL sample, a radially symmetric intensity distribution is observed, where the maximum value in the distribution corresponds to the center position of the OL and the full width at half maximum (FWHM) of the profile is determined by the smallest aperture along the optical system. The OL can be mechanically translated until the maximum of the optical signal matches the center of the area scanned with the electron beam ( For areas which are small compared to the variation in the detection efficiency of the OL, a CL map can be obtained by scanning the electron beam and recording the CL signal at each position. Alternatively, a CL image can be acquired by scanning the sample, while the electron beam is kept fixed in one position. The sample holder in our system is equipped with both long-range piezo translators (Vacuum-Compatible Miniature Translation Stages M662.v, from Physik Instrumente (PI) GmbH & Co) and a xyz-piezo scanner (TRITOR 100 from piezosystem jena, Inc). Wavelength information of the emission is obtained by enabling the spectrometer path during the scanning or when the electron beam is focused in a spot or region of interest (ROI). The CL acquisition (wide field, intensity or spectral) does not interfere with the standard SE, BSE and other available SEM detection modes.
The CL radiation can have a preferential direction depending on position and orientation of the emitter. A dipole on an interface or embedded in a thin film on a dielectric substrate has emission peaks near to angles corresponding to NA = 1 (see Fig. 1(a) and, e.g., also [16] ). To collect light emitted near the total internal reflection angle, a high numerical aperture (NA) is required. We achieve a NA of 1.4 (CFI Plan Apochromat 100X from Nikon) using vacuum compatible immersion oil. For the perpendicular dipole example in Fig. 1(a) , 99% of the downward emission would be collected with a 1.4 NA OL, compared to 88% for NA = 0.95. Additional losses due to elements along the optical path and the limited efficiency of the photodetectors will reduce the total detection efficiency to typical values of 5-10%.
Results

Nano-phosphors cathodoluminescence
To illustrate CL microscopy on glass substrates, we examined a sample of nanophosphors ranging in size from 30nm to 100nm. Recently, such nanophosphors have gained interest because of their strong emission intensity and stability under electron-beam irradiation. Additionally, their potential for bio-functionalization make them ideal candidates for use as biomarkers in electron microscopy [7] . Figure 3 shows SEM and CL images of Ce:LuAG nanophosphors (from Boston Applied Technologies), diluted in ethanol and drop-cast on a ITO covered glass slide (170µm thick glass coverslip coated with ~70nm thick ITO layer, from SPI Supplies). The images were recorded with a 5kV electron beam and a probe current of approximately 0.5 nA. Clusters of particles of varying size can be clearly discerned in both images. By comparing the SEM and CL images (Figs. 3(a) and 3(b)) it can be seen that light is excited in a region larger than the phosphors, which appears as a 'halo' around the structures in the CL images. This effect is mainly associated to backscattered electrons that emerge from the glass at a small angle and hit the phosphors, even when the primary electron beam is not directly exciting them.
The CL images show that the intensity drops with the particle size. Still, nanometer sized phosphors can easily be observed in CL, as it is shown in Fig. 3(b) for a 50nm particle. Also the smallest particle size in the nano-phosphor dispersion, 30 nanometer, can be observed in CL (Figs. 3(c) and 3(d) ). Figure 3(d) shows the CL intensity profile along two of these particles, placed near to each other. Again, we attribute the slightly increased CL intensity in between the particles to excitation of both nano-phosphors via backscattered electrons originating from the underlying substrate. 
Cathodoluminescence from plasmonic nanowires
The phosphor nanoparticles shown above are tailored for CL applications as the CL crosssection is relatively large. In the case of CL spectroscopy of radiative modes in plasmonic nanostructures, the excitation probability is much more reduced. For instance, the electron generation of surface plasmon polaritons (SPP), one of the main excitation sources of CL in metal nanostructures such as optical nanoantennas, is very low: around 3X10 −7 SPP per electron (per nm SPP wavelength) are generated with a 30kV e-beam impinging on a gold surface [10, 17] . We examine the capability of our system for plasmonic inspection using a sample of gold NWs, again on an ITO-coated glass substrate. The incident electron beam excites charge density oscillations confined to the metal-dielectric interface of the NW. These surface plasmons travel forth and back forming standing waves along the NW, which behaves as a resonator. Plasmons can out-couple as electromagnetic radiation, where the emission wavelength is determined by the plasmons excited, which in turn depend on the NW composition and dimensions, as well as on the position of the excitation probe. Figure 4 (b) shows a CL map obtained for a gold NW with a 2kV electron beam. Intensity maxima can be clearly observed at the NW endpoints and are related to a higher surface plasmon excitation probability. To characterize the plasmon mode profile of the NW we have acquired the CL spectral distribution at one of the endpoints. These are shown in Fig. 4(c) . At least five wavelengths peaks can be identified at around 689nm, 730nm, 783nm, 852nm, and 951nm. To confirm that the modes observed correspond to the NW surface plasmon resonances, we calculated the expected modes assuming a one-dimensional Fabry-Pérot resonator for a gold NW 1.4µm long and with a diameter of 70nm. The resonant wavelengths were scaled to out-coupled radiation following the method described by Novotny [18] . The calculated resonances were compared with the peaks from the measurement, where the best fit is shown in Fig. 4(d) . From the plot, the peaks appear to correspond with the 5th up to the 9th order resonant modes. Here, the influence of the ITO/glass substrate has not been considered.
We can include this effect by modeling the NW behavior using finite-difference timedomain (FDTD) calculations. In these simulations, a dipole emitter is located 5nm away of one of the edges of the NW, placed on a vacuum/ITO interface. The dipole is oriented parallel to the NW long axis direction. The lower medium consist on a 70nm thick ITO layer on top of a semi-infinite glass medium. The calculations were performed using a commercial-grade simulator based on the FDTD method (Lumerical solutions, Inc.). Figure 4 (e) shows the fraction of the power dissipated towards the glass over the total power emitted by the dipole, together with the measured spectra. Again, there is a good agreement between both curves. We can obtain the spatial electric field distribution on a plane parallel to the interface (crossing the NW) to identify the resonant orders (see insets in Fig.  4(c) ). The mode profiles indicate this time that the measured peaks correspond to the 6th up to the 10th resonant mode. Additional simulations (not included here) suggest that small variations (within 30nm) of the ITO thickness can induce a significant shift on the peak positions, adding uncertainty to the identification of the mode order. Further discussion about the effect of the ITO layer on the resonant peak position is outside the scope of this paper, but we would like to emphasize that both results match the measured peaks with high order modes (> 5th order). It is important to notice that for these high order resonances, the spectral shift of the peak positions induced by the surface plasmon phase change upon reflection at the ends of the NW can be neglected [19] .
The images in Fig. 4 (c) also show that the modes are almost uniformly distributed along the NW, so that we cannot observe a strong variation in the spectra by changing the e-beam position. Low order modes, which are more sensitive to the excitation probe position, are outside the detection range of the spectrometer (>1000nm, see also Fig. 4(d) ).
Finally, both models also predict that the peak intensity (or excitation probability) decreases with the mode order. The wavelength dependence of the quantum efficiency of our spectrometer CCD accounts for the relatively smaller peak of the lowest order mode at 950nm. CL from the substrate is also observed as a wide background with a peak around 650nm-700nm (See Fig. 4(c) ). Given the overall low plasmon CL excitation probability mentioned above, the fact that we are able to distinguish up to the 9th/10th order resonant mode clearly shows the detection efficiency of our system. 
Discussion
The results above demonstrate successful CL imaging of nanostructures on glass based substrates. This can be partially attributed to the use of a high NA objective lens, which improves the detection efficiency and, for structures with a high angle emission profile, the signal to background ratio (s/b). However, a crucial factor is also the proper selection of the primary electron beam settings: in all situations described we were restricted to relatively low values for the acceleration voltage, and it was necessary to optimize the current for each case individually. This last fact was because the influence of the (substrate) background in relation to the (nanostructures) signal strength is sample specific. Especially for glass-based substrates, structural defects and impurities give rise to strong background signals.
To understand how the electron beam settings affect the (s/b) in a CL measurement, we consider the situation illustrated in Fig. 5(a) . Below the focus of the e-beam, electrons scatter and further interact with the sample, defining an interaction volume. CL can be excited directly by the primary electron beam but also by scattered electrons in the interaction volume. In addition, CL can be indirectly excited by x-rays, or by charge carriers that diffuse and recombine [20] . All these contributions build up the light signal on the detector. Most of the interaction volume emission will generate background, while only the small area where the e-beam is focused on the nanostructure will constitute the signal.
The depth of the interaction volume is proportional to the acceleration voltage. Additionally, the CL intensity increases with the acceleration voltage [17, 21] . Neglecting sample damage or saturation, the CL intensity is also proportional to the electron beam current. While the last two effects include both signal and background, changing the interaction volume depth only affects the background intensity. The acceleration voltage can drastically change this depth, from 40nm for a 2kV to 7µm for a 30 kV electron beam, as shown in Fig. 5(b) . The images were obtained using Monte Carlo simulations (CASINO v2.4.8.1) considering a glass substrate with a typical ITO coating of 70nm. At 2kV, the entire interaction volume falls in this ITO coating. A general approach to reduce the background contribution is therefore to lower the acceleration voltage: for a sufficiently small energy the interaction range can be restricted to the structure of interest. However, reducing the acceleration voltage decreases the CL intensity: coherent CL emission, as the one coming from SPPs and transition radiation, increases with the acceleration voltage (above 1kV) [15] . This is also valid for CL rising from inelastic electron-electron collisions, where the CL signal is proportional to the current and the inelastic cross section (σ): CL ∝ I × σ. While at high energies both I and σ increase with the acceleration voltage (V), at low energies (between 1keV and 5keV), the cross section approximately follows 1/σ ∝ V 0.5 [20] . However, this behavior is dominated by the current dependence on the voltage (I ∝ V, and even I ∝ V 3 in a chromatic aberration limited system) [22] .
Consequently, reducing the acceleration voltage can make the signal fall below a detectable level. This can be compensated by increasing the electron current, but using this approach at low energies (< 5keV), results in an electron probe size d p limited by chromatic aberration, which depends on the current as I ∝ d p 4 × V 3 /ΔU 2 (provided that the electron beam aperture angle has been optimized to obtain the best resolution), where ΔU is the FW50 of the energy distribution of the electron source [22] , and the voltage V has been fixed and can be treated as a constant. Then, an increment in the current considerably enlarges the probe size. This explains the reduced spatial resolution observed in the SEM and CL images in Fig. 4 , which were obtained with a 2kV and ~1nA electron beam.
The substrate background is less problematic for structures with a high CL generation rate like the nano-phosphors. In this case the use of low primary e-beam energies does not need to be compensated with an increase on the current, so that a reduced interaction volume (and therefore a reduced background) can be achieved while the spatial resolution is kept in the nanometer range (Figs. 3 and 6) . Figure 6 shows a 50nm phosphor particle imaged at different acceleration voltages. For 2kV, the background CL is low but the spatial resolution is limited, whereas for 10kV the nano-phosphor is barely visible. Line profiles taken along the particle show the signal and background levels for each case. For this particular sample and experimental settings, the best compromise between contrast and resolution is obtained at 5kV and ~0.5nA current. In general, there is a trade-off between the CL resolution and the background level that needs to be considered to select the sample specific optimum acceleration.
Other options to reduce the CL contribution from the glass include background subtraction and optical filtering. Background subtraction assumes a uniform behavior over all the imaged area, which is hardly the case because: 1) defects and residues present in the substrate from fabrication or added during sample preparation create background fluctuations, even on 100nm length scales (see e.g. Fig. 6(e)) ; 2) the substrate under the structures will emit a weaker signal than a region directly exposed to the e-beam; 3) the background can be modified during e-beam exposure. Band-pass optical filters can be included in the detection path, and are a good choice when the emission wavelength is known and narrow compared to the background, and/or the interest is on a wavelength range where the background is not strong.
A promising alternative to minimize the background contribution would be to exploit the z sectioning property of confocal detection. This potentially allows unrestricted CL imaging with high acceleration voltages. Characterization of nanostructures in transparent substrates with a confocal CL detection system is work under progress in our research group.
Finally, it is worth mentioning that the approach to lower the acceleration voltage can be implemented in any CL system [5] . However, an important increase in the signal intensity is obtained by collecting the light through the glass with a high NA objective lens, as shown in Fig. 1(a) . While the NA will influence the signal collection, the resolution in a raster scanned CL image will depend on the primary electron beam properties (which affects the CL excitation probe size) as discussed above and not on the light detection approach. 
Conclusions
We demonstrated successful CL imaging of nano-structures on transparent substrates, which are known to generate strong background signals. To this end, we used a highly efficient cathodoluminescence detection scheme where the light is collected through the substrate with a high numerical aperture objective lens. To minimize the background contribution, the acceleration voltage of the primary electron beam was decreased to typical values of 2-5 kV. In this way the electron penetration depth can be restricted to a few nanometers, but the signal intensity is also reduced. For strongly cathodoluminescent materials like nano-phosphors, individual 30nm particles can be easily resolved. On the other hand, for structures with a low CL cross section, lowering the acceleration voltage needs to be compensated by an increase in the current to maintain a detectable signal level, which for voltages below 5kV may mean that the spatial resolution gets compromised. We have shown that using this approach the weak higher order plasmon resonant modes of a gold nanowire on an ITO-coated glass slide can be detected up to at least the 9th order, highlighting the detection capabilities of our system.
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